In mammalian oocytes, cAMP-dependent protein kinase (PKA) has critical functions in meiotic arrest and meiotic maturation. Although subcellular localization of PKA is regulated by A-kinase anchor proteins (AKAPs) and PKA compartmentalization is essential for PKA functions, the role of AKAPs in meiotic regulation has not been fully elucidated. In the present study, we performed far-Western blot analysis using porcine PRKAR2A for detection of AKAPs and found, to our knowledge, several novel signals in porcine oocytes. Among these signals, a 150-kDa AKAP showed the major expression and was the product of porcine AKAP1. Overexpression of AKAP1 changed the PKA localization and promoted meiotic resumption of porcine oocytes even in the presence of a high concentration of cAMP, which inhibits meiotic resumption by inducing high PKA activity. On the contrary, knockdown of AKAP1 showed inhibitory effects on meiotic resumption and oocyte maturation. In addition, the expression level of AKAP1 in porcine growing oocytes, which show meiotic incompetence and PKA mislocalization, was significantly lower than that in fully grown oocytes. However, AKAP1 insufficiency was not the primary cause of the meiotic incompetence of the growing oocytes. These results suggest that the regulation of PKA localization by AKAP1 may be involved in meiotic resumption and oocyte maturation but not in meiotic incompetence of porcine growing oocytes.
INTRODUCTION
Mammalian follicular oocytes, which have a large nucleus known as a germinal vesicle (GV), are arrested at the first meiotic prophase, and their maturation-promoting factor (MPF) activity is inhibited by high cAMP levels and resulting high cAMP-dependent protein kinase (PKA) activity [1] . The hormonal stimulation of oocytes or oocyte isolation from follicles decreases cAMP concentration and PKA activity, then induces MPF activation followed by meiotic resumption characterized by GV breakdown (GVBD) and, finally, the second metaphase (MII) arrest [2, 3] . Moreover, in rodents, the spatial regulation of PKA by compartmentalization via Akinase anchor proteins (AKAPs) might be critical for the PKA functions during oocyte maturation [3] [4] [5] [6] . Hence, not only PKA activity but also PKA-AKAP interaction in oocytes must be strictly regulated to ensure normal meiotic progression.
The AKAPs are scaffolding proteins bound with regulatory subunits of PKA, which consist of two regulatory subunits and two catalytic subunits [7] [8] [9] ; to date, more than 50 AKAPs have been reported [10] . Each AKAP has a specific intracellular localization signal and brings anchoring PKA to a specific subcellular compartment [11, 12] . AKAPs also bind PKA substrates and other signaling molecules to coordinate cAMP-PKA signaling events [13] [14] [15] [16] [17] . Therefore, it is generally accepted that AKAP ensures the specific activity of PKA, which lacks an apparent subcellular localization signal, by preventing diffusion of PKA from its physiological substrates and holding it close to its effector molecules [18] . These spatial regulations are primarily important for large cytoplasmic volumes, such as oocytes and eggs.
In GV mouse oocytes, PKA is held in the cytoplasm by one or more unidentified AKAPs and inhibits MPF activation. Before GVBD, PKA relocalizes to mitochondria by binding with Akap1 before GVBD [6] . In our previous study using porcine oocytes, PKA in the cytoplasm entered the nucleus just before GVBD; moreover, PKA remained in the cytoplasm in growing oocytes (GOs), which lack meiotic competence [3] . Similar results also were reported in mouse and rat GOs, indicating the involvement of AKAPs in the meiotic competence of oocytes [19, 20] . However, the relation between AKAPs and PKA localization in oocytes or meiotic regulation has not been fully elucidated. As for porcine oocytes, both the presence and the functions of AKAPs have not been clarified.
In the present study, we attempted to clarify the expression of AKAPs and the functions of major AKAPs in porcine oocytes. Exhaustive detection of AKAP expression is generally possible by far-Western blot analysis using the affinity of AKAPs with the regulatory subunit of PKA [21] ; for instance, AKAP expression in rodent oocytes has been reported by this method [4] [5] [6] 20] . Therefore, we also employed this method with slight modifications for the exhaustive detection of AKAP expression in porcine oocytes. Next, we focused on the AKAP that showed the major expression (at 150 kDa) and confirmed that this AKAP was the product of porcine AKAP1. Then, we investigated the function of porcine AKAP1 on the meiotic progression and PKA localization in porcine oocytes. Finally, we examined the involvement of AKAP1 on the meiotic competence of porcine GOs.
MATERIALS AND METHODS

Collection and Culture of Porcine Oocytes
Ovaries of prepubertal gilts were collected at a commercial slaughterhouse and transported to our laboratory at approximately 378C in saline. Fully grown oocytes with a diameter of 115-125 lm were aspirated from follicles of approximately 2-5 mm in diameter and used for all experiments except those in reported in Figure 6 . In the experiments detailed in Figure 6 , oocytes with a diameter of 95-105 lm in small follicles (diameter, 0.4-1.0 mm) were used as GOs [22] . Groups of 20-25 oocytes with intact, unexpanded cumulus cells (i.e., cumulus-oocyte complexes [COCs]) with or without injection as described below were cultured in 0.1-ml drops of culture medium [23] for as long as 48 h at 378C, 100% humidity, and 5% CO 2 in air. In depletion experiments, COCs were cultured for 48 h after antisense RNA injection in the presence of 3 mM dbcAMP (Sigma-Aldrich) to prevent spontaneous meiotic resumption, then cultured without dbcAMP for as long as an additional 24 h [24] . After culture, the surrounding cumulus cells were removed as described previously [23] , and the denuded oocytes were subjected to further analyses, including nuclear status examination, after being fixed with acetic acid:ethanol (1:3) and stained with 0.75% aceto-orcein solution.
Preparation of GST and GST-Fused PRKAR2A Proteins
In order to make a glutathione S-transferase (GST)-fused protein, the openreading frame (ORF) of porcine PRKAR2A, an isoform of PKA regulatory subunit, or the ORF of N-terminal-deleted porcine PRKAR2A (DN-PRKAR2A), which lacked amino acid residues 1-45, was amplified by PCR from full-length porcine PRKAR2A cDNA obtained previously [3] using a thermal cycler (Bio-Rad) with BamHI site-containing primer sets BF and BR or DNBF and BR ( Table 1 ). The PCR fragments were cloned into the pGEM-T Easy vector (A1360; Promega) and treated with BamHI (TaKaRa Shuzo Co., Ltd.), and then the restriction fragments were inserted into the BamHI-treated GST expression vector, pGEX4T3 (Amersham Pharmacia Biotech). The Nterminal GST-fused proteins of porcine PRKAR2A and DN-PRKAR2A (GST-PRKAR2A and GST-DN-PRKAR2A, respectively) and GST protein alone were expressed by Escherichia coli carrying each vector and purified as described previously [3] . A part of the whole lysates of E. coli or purified proteins were added to 53 Laemmli buffer [25] , denatured at 1008C for 5 min, and subjected to SDS-PAGE (constant current of 17 mA/gel for 90 min). Proteins were visualized by staining the gel with 0.25% Coomassie Brilliant Blue (Nacalai Tesque) in 25% methanol and 7.5% acetic acid.
Far-Western Blot and Immunoblot Analysis
The micro-Western blot analysis was used for far-Western blot and immunoblot analyses of the oocytes as described previously [26] . From 10 to 20 denuded oocytes in 2 ll of saline supplemented with 0.1% polyvinylpyrrolidone were added to 0.5 ll of 53 Laemmli buffer and denatured at 1008C for 5 min, then subjected to SDS-PAGE as described above. In some experiments, oocytes were treated with alkaline phosphatase (Sigma-Aldrich) before SDS-PAGE as described previously [27] . After SDS-PAGE, the proteins were transferred to a polyvinylidene difluoride membrane (Millipore). For farWestern blot analysis, the transferred proteins were renatured as described previously [28] , and the membrane was incubated at 48C overnight with 1 lg/ ml of the purified proteins as described above. After washing and blocking by skim milk as described previously [28] , the membrane was incubated with anti-GST polyclonal antibody (1:1000, 27-4577; GE Healthcare), followed by horseradish peroxidase (HRP)-conjugated anti-goat immunoglobulin (Ig) G (1:5000; Jackson ImmunoResearch Laboratories, Inc.). For immunoblotting, the membrane was blocked by skim milk immediately after transfer, and then incubated with anti-CDC2 monoclonal antibody (1:200, SC-54; Santa Cruz Biotechnology) or anti-Flag M2 monoclonal antibody (1:200, F1804; SigmaAldrich), followed by HRP-conjugated anti-mouse IgG (1:3000, Jackson ImmunoResearch Laboratories). An ECL Western Blotting Analysis System (Amersham Pharmacia Biotech) was used for the detection of protein-bound antibodies according to the manufacturer's protocol.
Reverse Transcription-Polymerase Chain Reaction
Total RNA was isolated from noncultured or cultured (24 or 48 h) oocytes using TRIzol reagent (Invitrogen), and first-strand cDNA was produced by SuperScript III (Invitrogen) according to the manufacturer's instructions. PCR of porcine AKAP1 was performed using the primer set CF and CR (Table 1) , which were designed in the C-terminal region of porcine AKAP1 according to the National Center for Biotechnology Information (NCBI) porcine expressed sequence tag (EST) database. The porcine ribosomal protein L19 (RPL19) transcripts were examined as an internal control.
Cloning and Modification of Porcine AKAP1 cDNA
Full-length cDNA of porcine AKAP1 was obtained by RT-PCR of total RNA from noncultured oocytes as described above using the primers F and R (Table 1) according to the NCBI porcine EST database. The PCR products were cloned into a pGEM-T Easy vector (designated as AKAP1/pGEM) and sequenced using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) and Applied Biosystems 3130 Genetic Analyzer (Applied Biosystems) according to the manufacturers' instructions. For the construction of C-terminal Flag-tagged AKAP1 (AKAP1-Flag) cDNA, the stop codonremoved ORF of porcine AKAP1 was generated by PCR using the AKAP1/ pGEM and BamHI site-containing primer set BF and BR (Table 1) and was inserted to the BamHI site of the pCMV-Tag1 Epitope Tagging Mammalian Vector (pCMV-Tag1 Vector; 211170; Stratagene) by the In-Fusion HD Cloning Kit (Clontech) according to the manufacturer's instructions. This vector was used for the sense RNA synthesis described below. Partial AKAP1 cDNA used for antisense RNA synthesis was generated by PCR using AKAP1/ pGEM and the primer set F and NR (Table 1) , which were designed in the Nterminal region of porcine AKAP1 from our DNA sequence data. The PCR fragment was inserted into pGEM-T Easy vector.
In Vitro Synthesis of mRNA and Antisense RNA For the in vitro synthesis of sense and antisense RNAs, the vectors constructed above and the enhanced green fluorescent protein (EGFP)-tagged PRKAR2A (PRKAR2A-EGFP) vector provided previously [3] were linearized by restriction enzyme and transcribed in vitro with T3-or T7-RNA polymerase (Promega) in the presence of m7G(5 0 )ppp(5 0 )G to synthesize capped RNA transcripts as described previously [29] . In the case of AKAP1-Flag, mRNAs were polyadenylated using the Poly(A) Tailing Kit (Ambion) after in vitro transcription. The RNA transcripts were precipitated with absolute ethanol, washed, dried, and resuspended in RNase-free water. The RNA solutions were stored at À808C until use.
Microinjection
The RNA concentration in each RNA solution was adjusted to 0.5 lg/ll. Texas Red dextran (D1864; Molecular Probes) was added to each solution at a concentration of 1 lg/ll as a marker of successful injection. Microinjection was performed in 90 ll of the culture medium using microinjectors (IM-4/5/B; Narishige) equipped with manipulators (GJ-8; Narishige) mounted on an inverted microscope (Diaphot 200; Nikon). Approximately 50 pl of RNA solution were injected into the ooplasm of each noncultured porcine COC by continuous pneumatic pressure. After injection, all COCs were cultured as described above, and the expression of Texas Red was examined under fluorescent microscopy (IMT-2-RFL; Olympus). Only the oocytes expressing Texas Red illumination were used for analysis.
Immunocytochemistry
Denuded oocytes were fixed, permeabilized, and blocked as described previously [30] . The oocytes were treated with anti-Flag M2 monoclonal antibody (1:100) overnight. After washing, the oocytes were incubated in the mixture of Rhodamine-conjugated anti-mouse IgG (1:100 AP181R; Chemicon International, Inc.) for 45 min to perform immunostaining of Flag protein. The   TABLE 1 . Primers used for the preparation of vectors in the present study. NISHIMURA ET AL.
oocytes were counterstained with Hoechst 33342 (Sigma-Aldrich) to visualize the chromosomes, mounted on a glass slide, and observed using a confocal laser-scanning microscope (LSM510-V2.01, Axio-plan MOT; Carl Zeiss).
Real-Time PCR
For real-time PCR analysis, total RNA of 50 oocytes isolated using the RNeasy Micro Kit (Qiagen) was reverse transcribed using QuantiTect Reverse Transcription Kit (Qiagen). Real-time PCR was performed with a QuantiTect SYBR Green PCR Kit (Qiagen) using the same primer sets for AKAP1 and RPL19 as described above with the StepOnePlus Real-Time PCR System (Applied Biosystems) according to the manufacturers' instructions. The results were normalized to the expression levels of RPL19 by the 2 ÀDDCt method. To avoid false-positive signals, dissociation-curve analyses were performed at the end of the analyses. The reactions were performed at least in duplicate.
Statistical Analysis
Statistical analyses were performed using JMP software (SAS Institute), and Student t-test was used for pairwise comparison. Results were considered to be statistically significant at P , 0.05.
RESULTS
Detection of AKAP Expression in Porcine Oocytes
To our knowledge, the expression of AKAP in porcine oocytes has not been reported. Therefore, to clarify the presence of AKAPs in porcine oocytes, we first performed far-Western blot analysis using porcine PRKAR2A, one of the regulatory subunits of porcine PKA, as a probe, because almost all AKAPs are known to anchor PRKAR2A in other mammalian species [10] [11] [12] 18] . In the present study, we used GST-fused PRKAR2A protein (GST-PRKAR2A) (Fig. 1A) as a probe and detected PRKAR2A-binding proteins by an anti-GST antibody, and we found several signals from 15 to 150 kDa in porcine noncultured and cultured (48 h) oocytes (Fig.  1B) . These signals, except for a nonspecific band of approximately 75 kDa, should represent the proteins specifically bound with PRKAR2A-that is, AKAPs-because they could not be detected in the experiments without probes or with either GST alone or GST-DN-PRKAR2A, which lacked a putative AKAP-binding domain [31] [32] [33] , as probes (Fig. 1) . The strongest band of PRKAR2A-binding proteins was detected on a protein of approximately 150 kDa (hereafter referred to as p150), and the band intensity was decreased to about half by 48 h of in vitro maturation (Fig. 1B) . These results indicate that several AKAPs are expressed in porcine oocytes and that the expression level of p150 is regulated with meiotic maturation.
Expression of p150 in Porcine Oocytes
We next investigated the kinetics of p150 expression during the meiotic progression of cultured porcine oocytes. We found that p150 was expressed throughout the culture period, whereas the band was shifted up from 18 h and the level decreased from 42 to 48 h (Fig. 2A) . Because GVBD occurred from 18 to 24 h and the MII oocytes appeared mainly from 42 to 44 h in our 
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culture system, these results might indicate that the mobility shift was related with GVBD and that the decrease of the p150 level occurred after oocytes reached the MII stage. The mobility shift might represent the phosphorylation of p150, because alkaline phosphatase treatment resulted in a downshift of the p150 band in noncultured lysates (Fig. 2B) . Moreover, because the treatment did not affect the band intensity (Fig.  2B) , the decreased signal intensity at 48 h was not attributed to the decreased binding affinity of p150 with PRKAR2A by phosphorylation but to the decreased level of expression.
Identification of p150 as Porcine AKAP1
Because murine Akap1 and human AKAP1 are 140 and 149 kDa, respectively, and the cDNA of porcine AKAP1 has not yet been isolated, we supposed that p150 might be porcine AKAP1 and tried to obtain the cDNA by RT-PCR from total RNA of noncultured oocytes. As a result, we obtained a cDNA that had certain homologies with human and mouse homologues and their functional domains (Fig. 3A) [18, [34] [35] [36] . The presence of porcine AKAP1 mRNA during in vitro culture of porcine oocytes was examined by semiquantitative RT-PCR, and the transcripts were detected constantly throughout the culture period (Fig. 3B) .
To confirm whether porcine AKAP1 mRNA was translated to p150, AKAP1 expression was inhibited or stimulated by the injection of AKAP1 antisense RNA (asAKAP1) or AKAP1-Flag mRNA, respectively, and the effects on p150 expression were examined by far-Western blot analysis. The inhibition of AKAP1 mRNA expression by asAKAP1 was confirmed by RT-PCR (Fig. 3C) . Because the intensity of p150 decreased with meiotic progression, the effect of asAKAP1 on p150 expression was examined in the presence of 3 mM dbcAMP to inhibit spontaneous meiotic progression. We found that the intensity of p150 was specifically decreased in the oocytes injected with asAKAP1 (Fig. 3D) . In an opposite manner, the injection of AKAP1-Flag mRNA increased the 150-kDa protein by immunoblot analysis with the anti-Flag antibody (Fig. 3E) , and the intensity of p150 increased in far-Western blot analysis (Fig. 3E) . These results indicate that p150 is the product of porcine AKAP1.
Effects of AKAP1 Overexpression on Meiotic Resumption and PRKAR2A Localization in Porcine Oocytes
To examine the AKAP1 function in meiotic resumption, the GVBD rates of oocytes injected with AKAP1-Flag mRNA were examined and found to be significantly higher than those of noninjected oocytes at 12 h (0% vs. 37.6%) and 18 h (42.4% vs. 80.2%) (Fig. 4A) . Moreover, 57.9% of AKAP1-Flag mRNA-injected oocytes cultured in the presence of dbcAMP underwent GVBD at 48 h of culture, whereas 95% of the noninjected oocytes remained at the GV stage (Fig. 4A) . These results indicate that AKAP1 overexpression strongly stimulates meiotic resumption in porcine oocytes. To clarify whether this stimulation is attributable to the regulation of PKA localization, oocytes were cultured for 48 h after injection of EGFP-tagged PRKAR2A (PRKAR2A-EGFP) mRNA alone or coinjection of PRKAR2A-EGFP plus AKAP1-Flag mRNA, and then subcellular localization was examined by the signals of EGFP and immunostaining by anti-Flag antibody. As shown in Figure 4B , EGFP signals were distributed throughout the cytoplasm of oocytes injected PRKAR2A-EGFP mRNA alone, whereas the EGFP signal was specifically localized with AKAP1-Flag in the oocytes injected with both PRKAR2A-EGFP and AKAP1-Flag mRNA (Fig. 4B) . These results indicate that porcine 
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AKAP1 potentially functions to compartmentalize PKA by tethering PRKAR2A at meiotic resumption in porcine oocytes.
Effect of AKAP1 Inhibition on Meiotic Maturation in Porcine Oocytes
Next, we examined the function of endogenous AKAP1 in meiotic maturation of oocytes by AKAP1 inhibition using asAKAP1. As a result, the GVBD rate of asAKAP1-injected oocytes at 24 and 48 h of culture tended to be lower than that of noninjected oocytes, but no significant differences were found (Fig. 5A) . On the other hand, the MII rate of asAKAP1-injected oocytes was significantly lower than that of noninjected oocytes at 48 h (Fig. 5A) . We considered that the lack of asAKAP1 effects on the GVBD rate could be attributed to the presence of the AKAP1 protein in immature oocytes. Therefore, we next performed ''depletion experiments'' in which asAKAP1-injected oocytes were cultured for 48 h in the presence of 3 mM dbcAMP to suspend spontaneous meiotic resumption, followed by culture without dbcAMP to release the meiotic arrest. In this depletion experiment, GVBD and arrival to MII occurred at 6 and 24 h, respectively, after the dbcAMP removal [24, 29] . The GVBD and MII rates of asAKAP1-injected oocytes were significantly lower than those of noninjected oocytes (Fig. 5B) . These results indicate that AKAP1 is necessary for normal meiotic resumption and MII development in porcine oocytes.
Effect of AKAP1 Overexpression on Meiotic Resumption and PRKAR2A Localization in Porcine GOs
Finally, we compared the expression levels of AKAP1 between GOs and fully grown oocytes, because our previous study suggested that the AKAP-mediated PKA localization was involved in the incompetence of meiotic resumption in GOs [3] . As shown in Figure 6A , AKAP1 was expressed in GOs. However, as expected, the band intensity was significantly less than that of fully grown oocytes, although the mRNA expression levels in GOs and fully grown oocytes were not different (Fig. 6B) . Because the intensity of p150 in porcine GOs was less than that of fully grown oocytes, we hypothesized that the insufficient amount of AKAP1 was the cause of the meiotic incompetence and PKA mislocalization in GOs. To validate this hypothesis, we next injected AKAP1-Flag mRNA into GOs and found, unexpectedly, that AKAP1 overexpression had no effect on the meiotic resumption of porcine GOs (Fig. 6C) , whereas the expression of AKAP1-Flag and colocalization of PRKAR2A with AKAP1-Flag were confirmed (Fig. 6D) . These results indicate that insufficiency of 
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AKAP1 expression is not involved in meiotic incompetence of porcine GOs.
DISCUSSION
In the present study, we focused on the role of AKAP, the PKA anchor protein regulating the subcellular localization and function of PKA, in porcine oocytes and specifically analyzed AKAP1, which showed predominant expression in porcine oocytes at 150 kDa on SDS-PAGE. We previously reported that PKA localization changes before meiotic resumption in porcine oocytes along with the decline of PKA kinase activity [3] . That result indicated the relation between meiotic progression and PKA localization and, therefore, the involvement of AKAPs in meiotic regulation of porcine oocytes. Therefore, in the present study, we first performed far-Western blot analysis using porcine PRKAR2A for detection of AKAP expression and found, to our knowledge, several novel signals at 15-150 kDa in porcine oocytes. The expression of AKAP in mammalian oocytes has only been reported in limited species-namely, Akap1 (AKAP140) [4, 6] , Akap7c [37] , Akap10 [19] , and Ezrin-Radixin-Moesin proteins [38, 39] in mouse oocytes; AKAP140 in rat oocytes [5, 20] ; and WAVE1 in bovine oocytes [40] . The present results showing the expression of several AKAPs in porcine oocytes support the idea that a number of AKAPs are generally expressed and functional in mammalian oocytes.
All studies reporting AKAP expression in rodent oocytes have clarified that AKAP140, the 140-kDa AKAP that was the product of the Akap1 gene at least in mouse, is expressed predominantly in oocytes and eggs [4] [5] [6] 20] , and human AKAP1 also has been detected at 149 kDa on SDS-PAGE [35] . In the present study, the predominant signal of AKAPs was detected at approximately 150 kDa; therefore, we predicted this 150-kDa AKAP would be a homologue of rodent Akap1 (AKAP140) and human AKAP1 and a product of cloned porcine AKAP1 cDNA. Although the calculated molecular weight from the porcine AKAP1 cDNA sequence was 94 kDa, the mobility of the AKAP1 protein on SDS-PAGE was anticipated to decrease, probably due to the high content of acidic amino acids and proline, as also has been observed in human AKAP1, which has a calculated molecular weight of 97 kDa but is detected at 149 kDa on SDS-PAGE [35] . In fact, we confirmed by overexpression and expression-inhibition experiments that the 150-kDa AKAP was derived from porcine AKAP1. The whole sequence of porcine AKAP1 was not markedly homologous with mouse Akap1 or human AKAP1, but its functional domains showed very high homologies with the equivalents of mouse and human homologues. Moreover, porcine AKAP1 had a putative PRKAR2-binding domain consisting of an amphipathic a-helix of 25 amino acids at the same position as that of human AKAP1 or mouse Akap1 [18, [34] [35] [36] . These features of porcine AKAP1 suggest that its function as a PKA-anchoring protein is conserved in pig oocytes as well.
In rodent AKAP1, the mobility on SDS-PAGE was decreased by phosphorylation in association with oocyte maturation [4, 5] , although to our knowledge, the physiological significance of AKAP1 phosphorylation has not yet been clarified. A mobility shift also was detected in porcine AKAP1 at the GVBD of oocytes, and this might be due to the phosphorylation of porcine AKAP1, as with rat Akap1, because of its disappearance with phosphatase treatment [5] . However, the phosphorylation might not affect the PRKAR2A-binding affinity of porcine AKAP1, because the phosphatase treatment did not alter the AKAP1 signal intensity. Hence, the decrease of the AKAP1 signal in cultured (48 h) porcine oocytes observed in the present study might not indicate the decrease of PRKAR2A-binding affinity by phosphorylation but, rather, the decrease of the AKAP1 expression level. Because this decrease was not observed in the oocytes in which spontaneous meiotic resumption was inhibited by dbcAMP, the AKAP1 expression level should be regulated in association with the meiotic maturation states of oocytes, indicating the involvement of AKAP1 in the meiotic progression of porcine oocytes.
In the present study, we produced overexpression of AKAP1 to examine its functions in the meiotic maturation of porcine oocytes and found the promotion of meiotic resumption by the exogenous AKAP1. A remarkable finding in the present study was that the meiotic resumption could be induced even in the presence of a high concentration of cAMP, which stimulates PKA activity and could be expected to maintain the meiotic arrest of oocytes. In mouse oocytes, Akap1 has been reported to tether PKA to mitochondria, and Prkar2a localization on mitochondria after GVBD is the prerequisite for normal maturation of mouse oocytes [6] . The localization pattern of overexpressed exogenous AKAP1 in porcine oocytes was very similar to that of mouse endogenous FIG. 5 . Effect of inhibited AKAP1 expression on meiotic maturation of porcine oocytes. A) Noncultured porcine oocytes were injected with AKAP1 antisense RNA (asRNA), and the GVBD and MII rates were examined after culture for the indicated periods in normal maturation medium. B) The AKAP1 asRNA-injected oocytes were cultured for 48 h and maintained at the GV stage by the presence of 3 mM dbcAMP to decrease endogenous AKAP1. The GVBD and MII rates were examined after culture without dbcAMP for additional 6 or 24 h. The values represent the mean 6 SEM of three independent experiments. Asterisks indicate significant differences between the AKAP1-Flag mRNA-injected and noninjected groups (P , 0.05).
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Akap1 [6] , which localized on mitochondria. The colocalization of PRKAR2A with AKAP1 was also observed after AKAP1 overexpression, although exogenous PRKAR2A was evenly distributed in the cytoplasm of porcine oocytes without AKAP1 overexpression. These results indicate that the induction of meiotic resumption by AKAP1 overexpression should be attributed to the regulation of PKA localization.
Next, we addressed the physiological function of AKAP1 in the meiotic maturation of porcine oocytes by inhibiting endogenous AKAP1 expression and found that meiotic resumption and meiotic maturation were inhibited until the MII stage. Because high MPF activities are required for the FIG. 6 . Effects of AKAP1 overexpression on meiotic resumption and localization of PRKAR2A in porcine GOs. A) Relative mRNA level of AKAP1 in noncultured GOs and fully grown oocytes (FGOs). Total RNAs obtained from noncultured porcine oocytes were subjected to real-time RT-PCR. AKAP1 mRNA levels relative to RPL19 mRNA were calculated; values represent the mean 6 SEM of three independent experiments. B) Relative protein level of AKAP1 in cultured GOs and FGOs. A representative result is shown (top). In this experiment, 20 GOs and 10 FGOs were used, because the calculated volume of FGOs was about twice that of GOs. AKAP1 signal intensities relative to nonspecific signals, which were correlated with oocyte volume, were quantified; the values represent the mean 6 SEM of three independent experiments (bottom). The asterisk indicates a significant difference between the two groups (P , 0.05). C) GOs were injected with AKAP1-Flag mRNA and cultured for 48 h. Expression of AKAP1 was confirmed by immunoblot analysis with anti-Flag antibody and is shown with the CDC2 loading control (left). The GVBD rates represent the mean 6 SEM of three independent experiments (right). D) GOs were injected with PRKAR2A-EGFP mRNA with or without AKAP1-Flag mRNA and cultured for 48 h. The localization of PRKAR2A-EGFP and AKAP1-Flag were evaluated by EGFP expression (green) and immunostaining with anti-Flag antibody (red). Nuclear status is also shown by Hoechst 33342 staining (blue). Original magnification 340.
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normal progression of these processes, MPF activation might not be induced sufficiently in oocytes lacking AKAP1 expression. These results show that a sufficient amount of AKAP1 is necessary for normal MPF activation and normal meiotic progression in porcine oocytes. This mechanism for MPF regulation appears to be conserved in mammalian oocytes, because a similar mechanism has been found in mouse oocytes using Ht31 peptide, the PKA/AKAP-anchoring disruptor [6, 41] . However, because the suppression of AKAP1 alone could not completely inhibit GVBD or MII development of oocytes, further studies are necessary to clarify the existence of some other mechanism or mechanisms, such as compensation by one or more other AKAPs.
Finally, we examined whether loss of AKAP1 function was involved in the meiotic incompetence of porcine GOs. In rodent GOs, lower expression of Akap1 mRNA in mouse [19] and lower signal strength of PRKAR2-binding AKAP140 in rat [20] compared with those in fully grown oocytes have been reported, and their involvement in meiotic incompetence of GOs has been suggested. We found that in porcine GOs, the AKAP1 mRNA level was almost identical but the PRKAR2A-binding signal was significantly decreased compared with those of fully grown oocytes, indicating the low affinity to RRKAR2A and/or decreased translation level of AKAP1 in porcine GOs. Therefore, we examined whether the overexpression of AKAP1, which should rescue the above-mentioned failure of AKAP1 function in porcine GOs, could induce meiotic competence in porcine GOs. We found that expressed AKAP1 showed spotted localization and colocalized with PRKAR2A as in fully grown oocytes, suggesting the normal PKA-anchoring function of expressed AKAP1 also holds for porcine GOs. However, the exogenous AKAP1 could not induce meiotic resumption in porcine GOs, indicating that the loss of AKAP1 function was not the primary cause of meiotic incompetence of porcine GOs. In our previous study, PRKAR2A translocated into the nucleus just before meiotic resumption in fully grown oocytes, whereas it remained in the cytoplasm in GOs throughout the culture period [3] . We predicted that this difference in PKA localization could be attributed to the meiotic incompetence of porcine GOs and should be due to the differences in expression patterns of AKAPs between GOs and fully grown oocytes. Because the overexpression of AKAP1 had no promoting effect on the nuclear localization of PRKAR2A in GOs and fully grown oocytes, one or more other AKAPs between 15 and 150 kDa in the present study might be responsible for the nuclear localization of PKA at GVBD in porcine oocytes.
In conclusion, we clarified that AKAP1, which showed the major expression at 150 kDa in porcine oocytes, is involved in meiotic resumption and oocyte maturation. To our knowledge, this is the first report showing the function of AKAP in porcine oocytes and indicating the possibility that the regulation of PKA localization is related to meiotic resumption in porcine oocytes. In addition, we revealed that loss of AKAP1 function is not a primary cause of meiotic incompetence of GOs, although the PRKAR2A-binding signal of AKAP1 in GOs is significantly lower than that in fully grown oocytes. Because several AKAP signals other than AKAP1 were also detected in porcine oocytes, further analysis of these AKAPs is required to advance understanding of the regulatory mechanism of PKA localization and meiotic progression.
